The notion of connected bicycles emerged in the early 2010s through two distinct yet interconnected 6 conceptualizations. The first, focuses on one-way communication using sensors and modules which 7 collect and transmit data directly to the bicyclist through the internet and other integrated devices. The 8 technology that captures this information can be built-in (smart bike/e-bike) or brought-in (handlebars,  9 helmets, bicycle computers, locks, etc.), and they tend to rely on integration with smartphone technology 10 (13). The use of smartphones by bicyclists was spurred by the rise of wayfinding apps and sport tracking 11 apps such as Strava; these apps continue to be a critical component of many connected bicycle 12 technologies. The second is conceived as the integration of bicycles into the V2X communication 13
environment. This concept relies on direct two-way communications between bicycles and vehicles 14 (B2V) and infrastructure (B2I). Technologies for both concepts continue to be explored today with a 15 common goal of enhancing the experiences and safety of the bicyclist (14; 15; 16 Smart Roadside may encourage an increase in bicycling through enhanced safety, the research is sparse and there is an 1 absence of discussion on how connected bicycles can address other barriers to bicycling. Furthermore, 2 existing research seems to focus on either technologies which utilize data received from sensors and the 3 internet to govern devices attached to the bicycle (situational sensing) or two-way communication. We 4 believe that it is important to consider the two side-by-side to assess the existing conditions and future 5 trends of the state of technology. This paper will provide context into the societal needs of bicycling and 6 the current strategies utilized to increase the bicycle mode share; a cohesive review of existing and 7 prototyped connected bicycle technologies; and discussion of their potential to mitigate barriers to 8 bicycling and better accommodate the needs and desires of diverse riders. Finally, we will explore the 9 limitations and benefits of one-way and two-way communication, These studies demonstrate how developments made by bicycle and bicycle accessory manufacturers can 49 address some of the unmet needs and desires of utilitarian bicyclists; however, a similar study has not yet 50 been conducted on the recent advancements in connected bicycle and V2X technologies. It is our 51 contention that the proper promotion and integration of these technologies could significantly increase the 1 bicycle mode share and foster safe and livable communities. In the following section we will discuss the 2 applications of these technologies and the specific barriers and needs they can address. 3 4
Connected Bicycles 5
Although the U.S. DOT CV applications mentioned in Figure 1 focus primarily on V2V and V2I 6 communication, they can be useful for thinking about how new technologies could improve conditions for 7 non-motorized road users in the future. After reviewing each of the applications we identified those which 8 could potentially benefit bicyclists. These applications are listed in Table 1 along with a list of additional  9 applications not considered by the U.S. DOT. These were developed through an extensive scan of 10 connected bicycle technologies to acknowledge connected bicycle applications currently available to 11 bicyclists. vehicles. These devices most commonly come in the form of a mounted taillight. The Garmin Varia 5 accomplishes the task by using an integrated radar which reports the approximate distance of approaching 6 vehicles to a handlebar mounted display. The Hexagon taillight contains a HD camera, which allows the 7 bicyclist to stream live videos through their smartphone. See.Sense ICON utilizes sensor technology to 8 identify risky situations, such as an encroaching vehicle, and reacts by flashing brighter and faster -9 alerting both the bicyclist and oncoming traffic. The COBI connected bicycle system also delivers a 10 taillight with collision avoidance technology and turn signals, and Ford's MoDe e-bike proposed 11 vibrating handlebars that would notify the bicyclist of overtaking vehicles (41) . A study by the League of 12
American Bicyclists (7) found that 40% of fatalities with reported collision types were rear end collisions. 13
These devices could greatly enhance the bicyclist's awareness allowing them to adjust their position or 14 behavior in a timely manner to prevent a collision. They also increase the visibility of the bicyclists, 15 which is especially important at night when safety margins are often insufficient; bicyclist fatalities most 16 commonly occur between the hours of 6:00 and 9:00 p.m. in low light conditions (1 an integral part of the connected bicycle infrastructure and could greatly benefit from some of the 33 advantages of connected bicycles. Many of the technologies which are compatible with popular 34 navigation and tracking apps like Strava and Garmin Edge or provide a navigation interface through their 35 own app offer features such as fastest route, shortest route, most popular route, safest route, and even 36 quietest route (COBI). The latter three features can be derived from information voluntarily published 37 within the bicycling community (i.e. route data, pothole location, previous collisions, etc.) and data 38 collected from onboard sensors and shared to the internet (ground surface condition, ambient noise, etc.). 39
These features are essential to increasing the total number of trips taken by bicycle because not knowing 40 how long a trip will take or the quickest and safest way to get to a destination can be a significant 41 deterrent for choosing to travel by bicycle; the data collected and shared regarding specific urban and 42 suburban routes via connected bicycles can help to reduce the impact of this barrier. Tracking and sharing 43 performance data facilitates goal-oriented riding and friendly competition, and can encourage individuals 44 to ride further, harder, and more frequently (44). Friendly competitions such as Portland, OR's Bike More 45
Challenge are commonly used as a strategy to increase rates of bicycling. These devices also make it 46 easier for individuals with varying health conditions to monitor important metrics which could permit the 47 prevention of a health related incident while bicycling. 48 49
Additional Barriers: The fear of having a bicycle stolen can be a significant deterrent for certain types of 50 trips and/or trips to certain destinations. It could also discourage an individual from purchasing a bicycle. 51
Brought-in and built-in connected bicycle technologies can significantly increase bicycle security. Bicycle 1 mounted devices such as Shoka Bell, and B.Guard utilize motion sensors to detect theft, and when 2 suspicious movement is detected, they activate an alarm and send an alert to the owner through a 3 compatible app or SMS message. These and other devices are also equipped with GPS chips, allowing the 4 owner to track their bicycle if the theft is not prevented. 5 6 Two-Way Communication 7
DSRCs, the proposed technology behind V2X communications, allow equipped road users to transmit 8 data (speed, heading, position) at low latency up to 10 times per second. These messages can be received 9 by other equipped entities (e.g. other road users and infrastructure) within an approximate range of 300 10 meters. All equipped entities are continuously transmitting and receiving data via two-way 11 communication modes (see Figure 2) . The data generated through the process of two-way communication will help cities identify important 23 traffic trends (e.g. collision hot spots, travel speeds, road user behavior, etc.) and support smart city 24 initiatives. These data would contribute significantly to the information collected by existing technologies 25 such as traffic monitoring sensors. NUMINA's streetlight mounted sensors are able to differentiate 26 between all types of traffic, including bicyclists, pedestrians, and motorists, which enables the collection 27 of important multimodal travel data (46). 28 29
Safety Barriers: It should be expected that successful implementation of B2V and B2I communication 30
networks would provide bicyclists with many of the same safety benefits projected for CV operators. 31
Bicyclists would be able to alert other road users of their presence and receive warnings regarding 32 potential collisions, dangerous intersections, encroaching vehicles, and road hazards and conditions. The 33 connection between bicyclists and other road users will provide the necessary road users with the 34 appropriate alert, prompting them to take action to avoid a collision or dangerous situation. On the motor 35 vehicle side of things, additional measures, such as automatic breaking will provide further support. It 36 should be expected that such significant enhancements in actual and perceived safety could result in 37 increased levels of bicycle travel (15 The primary benefit of situational sensing devices is that their utility is not entirely dependent on the 26 number of users within the network. While in some cases the benefits would increase with more equipped 27 users, the devices can function in the absence of other connected devices. On the other hand, two-way 28 communication cannot be achieved if surrounding road users are not connected, and even with the passing 29 of the federal DSRC mandate this could take decades to achieve. However, in the case where all road 30 users are connected, the actual safety and mobility benefits will likely be much greater than those 31 provided by devices which only alert the bicyclist or driver. Having collision prediction alerts sent to the 32 vehicle could also permit the use of emergency braking services, which would enhance the safety margins 33 for bicyclists. Only a few situational sensing devices make any attempt at communicating with 34 surrounding road users, and the communication capabilities of those that do are limited. For example, the 35 See.Sense Icon taillight reacts to its environment and flashes brighter and faster in dangerous situations, 36 which requires the driver to acknowledge and understand the message behind the signal. 37 38
It is expected that B2V communication in congested urban areas will result in an overabundance of 39 warning messages sent to drivers and bicyclists, regardless of whether there is imminent danger. 40
Researchers claim that a high quantity of messages, spurious or real, will cause annoyance and lead to 41 moderate to high non-usage rates and disregard for the warnings (15 As sensor technologies continue to improve and prices decline, they will likely become more widely used 31 and available. A high adoption rate of these devices could significantly enhance road safety and reduce 32 collisions for bicyclists. It is our contention that the benefits of situational sensing devices will eventually 33 be supported and enhanced by two-way communication. Two-way communications will not render 34 situational sensing devices obsolete, because many of them support applications which are not supported 35 by direct communication between other road users and infrastructure. However, they will enhance the 36 safety benefits by enabling greater awareness of the surrounding environment and better address 37 bicyclists' mobility needs by permitting signal prioritization and advanced traveler information systems. 38 39 Conclusions 40
As the societal benefits of active travel come to fruition in the U.S., cities seek to encourage bicycling by 41 addressing the specific barriers and needs of the mode's diverse users. Advocates, academics, and 42 practitioners often focus on the impacts of infrastructure, policies and programs, and access, yet 43 technology tends to be ignored as a critical component of increasing bicycling rates. In this paper, we 44 examined the existing and projected applications of connected bicycle technologies and explored the 45 ways in which they could address some of the barriers to bicycling. Table 1 provided a list of these  46 applications, some of which were pulled from the U.S. DOT's connected vehicle applications and the 47 others were developed after reviewing the capabilities of existing connected bicycle technologies. The 48 information in Table 1 links each barrier to the appropriate applications and considers the communication 49 type and sensor technology, which provides a framework for future development and discussion around 50 connected bicycles. 51 1
In conducting this research it has become evident that there is a lack of consideration of bicyclists in the 2 U.S. DOT, state DOT, and local DOTs CV initiatives. The U.S. DOT has spent over five years 3 developing more than three dozen CV applications, yet none of them directly acknowledge the presence 4 of bicyclists on the road. As a result, there is limited mention of bicyclists in both the New York City and 5 Tampa Connected Vehicle Pilot Programs. In these projects bicyclists take the same role as pedestrians in 6 that their presence is recognized by pedestrian detection technologies and they can request a "walk" 7 signal utilizing a smartphone app at select intersections. However, it is projected that many of the CV 8 applications could benefit bicyclists in the same way they do motorists. We believe that bicycle 9 manufacturing companies, bicycle advocates, and active transportation planners should be included in the 10 connected vehicle conversations taking place at all scales of government. 
